The role of extracellular α-synuclein (α-syn) in the initiation and the spreading of neurodegeneration in Parkinson's disease (PD) has been studied extensively over the past 10 years. However, the nature of the α-syn toxic species and the molecular mechanisms by which they may contribute to neuronal cell loss remain controversial. In this study, we show that fully characterized recombinant monomeric, fibrillar or stabilized forms of oligomeric α-syn do not trigger significant cell death when added individually to neuroblastoma cell lines. However, a mixture of preformed fibrils (PFFs) with monomeric α-syn becomes toxic under conditions that promote their growth and amyloid formation. In hippocampal primary neurons and ex vivo hippocampal slice cultures, α-syn PFFs are capable of inducing a moderate toxicity over time that is greatly exacerbated upon promoting fibril growth by addition of monomeric α-syn. The causal relationship between α-syn aggregation and cellular toxicity was further investigated by assessing the effect of inhibiting fibrillization on α-syn-induced cell death. Remarkably, our data show that blocking fibril growth by treatment with known pharmacological inhibitor of α-syn fibrillization (Tolcapone) or replacing monomeric α-syn by monomeric β-synuclein in α-syn mixture composition prevent α-syn-induced toxicity in both neuroblastoma cell lines and hippocampal primary neurons. We demonstrate that exogenously added α-syn fibrils bind to the plasma membrane and serve as nucleation sites for the formation of α-syn fibrils and promote the accumulation and internalization of these aggregates that in turn activate both the extrinsic and intrinsic apoptotic cell death pathways in our cellular models. Our results support the hypothesis that ongoing aggregation and fibrillization of extracellular α-syn play central roles in α-syn extracellular toxicity, and suggest that inhibiting fibril growth and seeding capacity constitute a viable strategy for protecting against α-syn-induced toxicity and slowing the progression of neurodegeneration in PD and other synucleinopathies. 1 Nevertheless, the relationship between α-syn aggregation and neurodegeneration in PD remains elusive.
The discovery of α-synuclein (α-syn) as the main component of Lewy bodies (LBs) and the identification of gene duplication and missense mutations in the α-syn gene in some familial forms of Parkinson's disease (PD) have reinforced the central role of α-syn in the etiology of both sporadic and familial cases of PD. 1 Nevertheless, the relationship between α-syn aggregation and neurodegeneration in PD remains elusive. 2 A possible role for extracellular α-syn in the pathogenicity of PD emerged from the observation that newly grafted neurons in PD patients exhibit α-syn pathology similar to that of neighboring diseased cells. 3, 4 Despite the consensus that α-syn is mainly an intracellular protein, α-syn has been detected in the cerebrospinal fluid under both pathological and healthy conditions. 5 In addition, in vivo rodent models and cellular studies have shown that monomers 6 and aggregated forms 6, 7 of α-syn are secreted into the extracellular space via several mechanisms, 7, 8 including the nonclassical endoplasmic reticulum/Golgi-independent exocytosis 8 or the exosomal route, 9, 10 and are then internalized by neighboring cells. 7 This suggests that extracellular α-syn may play a critical role in the spreading of α-syn pathology throughout the brain and contributes to PD progression. Additional evidence for a causal role of extracellular α-syn in PD come from in vivo studies and cell culture models: (1) intracranial injections of pathological forms of α-syn, isolated from LBs or old mice, as well as recombinant α-syn fibrils, were shown to nucleate further α-syn aggregation, pathology spreading and trigger neurodegeneration in vivo in wildtype (WT) or transgenic mice [11] [12] [13] [14] and rhesus monkeys; 15 (2) recombinant extracellular α-syn aggregates are internalized in cultured cells and seed the aggregation of endogenous α-syn; 12, [16] [17] [18] and (3) extracellular α-syn activates microglia that initiates or enhances nigral neurodegeneration. [19] [20] [21] Although the toxic effects of exogenous recombinant α-syn have been thoroughly investigated in different cellular models, 7, 17, 18, [22] [23] [24] [25] the relative contribution of monomeric, oligomeric and fibrillar forms of α-syn to the overall toxicity remains controversial. Therefore, the identification of toxic α-syn species and the molecular mechanisms by which they contribute to neurodegeneration is required to better understand how extracellular α-syn contributes to PD pathogenesis and to develop novel strategies for the diagnosis and treatment of PD and other synucleinopathies. In our study we explored the relationship between neurotoxicity and the aggregation state or amyloid formation propensity of α-syn in various cellular models.
Results
Preparation and characterization of α-syn species. We first developed reproducible protocols for generating different α-syn species and characterizing their biophysical and structural properties using an array of biophysical methods. 26, 27 Recombinant monomeric WT human α-syn was produced as previously described, 28 and its purity was confirmed by SDS-PAGE, mass spectrometry and reversephase ultra-performance liquid chromatography (RP-UPLC) analyses (Figures 1a-c) . Preformed α-syn fibrils (PFFs) were then generated from monomeric α-syn as previously described, 28 and subjected to sonication to generate a preparation of homogenous PFFs with an average length of 50-150 nm. Fibril formation was confirmed by the Thioflavin T (ThT) binding assay and transmission electron microscopy (TEM) (Figures 1d-g ). Finally, α-syn oligomers were produced by coincubation of monomeric α-syn with excess dopamine. [29] [30] [31] Under these conditions,~50% of monomeric α-syn was converted to oligomers after 4 days, as assessed by size exclusion chromatography (SEC) (Figure 1h ). The purity, heterogeneity and amyloidogenic properties of α-syn oligomers were assessed by SEC, SDS-PAGE electrophoresis, TEM and ThT binding assay (Figures 1h-k) .
A mixture of α-syn monomers and fibrils but not individual α-syn species is toxic to neuroblastoma cell lines. We first compared the toxic properties of the purified α-syn species in human dopaminergic neuroblastoma cell lines (M17 and SH-S5Y5 cells). Using the uptake of the vital dye propidium iodide (PI) as a marker for membrane disruption and toxicity, in combination with flow cytometry quantification, we observed that neither α-syn monomers ( Although several studies have shown that different aggregated forms of α-syn exhibit toxicity in various cellular 17, 20, 23, 32 and in vivo models, 12, 32 increasing evidence from our group 27, 33 and others 34 suggest that amyloid toxicity could be linked to the process of amyloid formation rather than to specific aggregated forms of amyloidogenic proteins. To determine whether this applies to α-syn-induced toxicity, we assessed the effect of inducing fibril growth by the addition of α-syn PFFs (10%) to monomeric α-syn solutions.
Unlike α-syn monomers or PFFs added alone, addition of a mixture of both species induced cell death in a concentrationand time-dependent manner ( Figure 2d and Supplementary Figure S1C ). Interestingly, we observed significant toxicity (~15-20%) for α-syn mixture even at low protein concentrations ( Figure 2d and Supplementary Figure S1C ). We next showed that ThT fluorescence increased over time only in the media of M17 cells treated with α-syn mixture, supporting a correlation between ongoing fibrillization and cell death (Supplementary Figure S2) . Increasing the proportion of α-syn PFFs to 20% did not exacerbate α-syn toxicity (Supplementary Figure S3) , indicating that the presence of 10% of fibrillar material is sufficient to initiate α-syn fibrillization and trigger cell death. Interestingly, addition of a mixture of α-syn monomers and dopamine-induced oligomers did not result in any significant cellular toxicity (Figure 2e ), consistent with previous reports. 29, 30, 35 We then investigated which mechanism of cell death was induced by α-syn fibrillization. After 4 days of treatment,~50% of the cells showed caspase 3 activation and DNA fragmentation (Figures 2f and g and Supplementary Figures S1D and E) , indicating that α-syn mixture induced apoptosis in neuroblastoma cell lines.
A mixture of α-syn monomers and fibrils exacerbates cell death in primary hippocampal neurons and in ex vivo hippocampal slice cultures. To validate our findings, we then assessed the toxicity of the various α-syn species in a co-culture of primary hippocampal neurons and glial cells ( Figure 3 ). As observed in the cell lines, the addition of monomeric or oligomeric α-syn alone did not induce any significant cell death over time (Figures 3a and c) . However, although no significant toxicity was observed upon α-syn PFF treatment at 3 days, α-syn PFF started to be toxic after 6 days of treatment (Figure 3b) . Moreover, the addition of a mixture of PFFs and monomeric species greatly exacerbated α-syn toxicity in a concentration-and time-dependent manner ( Figure 3d ). In contrast, addition of a mixture of α-syn monomers and dopamine-induced oligomers did not result in any significant cellular toxicity (Figure 3e) .
The α-syn PFFs alone or a mixture of PFFs and monomers induced apoptosis in primary culture (Figures 3f and g ), with most of cell death observed for α-syn mixture. Importantly, under these conditions, the neuronal population, positively stained for a specific neuronal marker (NeuN), was severely affected as shown after TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling) counting (Figure 3g ) and by the reduction in NeuN intensity (Supplementary Figure S4) .
We then assessed the response of organotypic hippocampal slice cultures to the different extracellular α-syn species, as these maintain some intrinsic connectivity and spatial organization as in the brain and therefore represent a more physiologically relevant neuronal model (Figure 4a ). α-Syn monomers were not toxic in hippocampal slice cultures at concentrations up to 10 μM (Figures 4b and c) , whereas α-syn PFFs induced significant toxicity (Figures 4b and d ) that was further exacerbated upon mixing with monomers (Figures 4b and e) .
Taken together, our results suggest that the increased toxicity observed with the mixture containing α-syn PFFs and monomers might be linked to the ability of the fibrils to grow by incorporation of monomers, and to seed further aggregation.
Inhibiting fibril growth and seeding capacity decreases α-syn-induced toxicity. To test this hypothesis, we evaluated the effect of inhibiting fibrillar growth and amyloid fibril formation in α-syn mixture using Tolcapone, a small-molecule Recombinant WT human α-syn was produced in E. coli and purified by anion exchange chromatography and size exclusion chromatography followed by a final chromatographic step using reverse-phase HPLC as previously described. 28 To ensure that the monomeric preparation was free of oligomers and fibrils, the stock solutions were always filtered through 100 kDa Amicon filters (a). The purity of recombinant monomeric α-syn after purification was assessed by SDS-PAGE gel combined with Coomassie blue staining (a, lefthand panel) and WB analysis (a, right-hand panel), both of which showed a single band at ∼ 17 kDa. The purity of recombinant monomeric α-syn after purification was also assessed by analytical reversed-phase ultra-HPLC analysis that showed a single peak (b) and confirmed by MALDI-TOF-MS that showed a mass of 14 559.9 Da (c). The mass at 7233 Da corresponds to the doubly charged species. (d-g) Purity and characterization of α-syn fibrils. α-Syn fibrils were formed by incubation of monomeric α-syn for 5 days at 37°C under constant agitation of 1000 r.p.m. and fibrils formation was assessed by ThT fluorometry (d). All data represent average ± S.D. (n = 3). Quality and characterization of α-syn fibrils were assessed by TEM imaging (e) showing negatively stained full-length α-syn fibrils with characteristic rigid nonbranched fibrillar morphology with a diameter of 10 nm. In order to increase their solubility, homogeneity and their seeding potential, the mature fibrils were subjected to mild sonication that results in the fragmentation of the fibrils into shorter fibrillar fragments with an average length of 50-200 nm, scale bar = 100 nm (f). As sonication of mature fibrils can lead to the release of small amounts of monomeric α-syn, only preparations with residual levels of α-syn monomers o5% were used in our toxicity studies. Thus, the purity of α-syn fibrils was finally verified by SDS-PAGE gel and Coomassie blue staining (g). More than 95% of the monomeric α-syn is converted to α-syn fibrils after 5 days of incubation, as shown after pelleting the nonsoluble fibrils by centrifugation and analyzing the supernatant (lanes 3 and 5) or the pellet (lanes 4 and 6) before sonication (b.s.; lanes 3-4) and after sonication (a.s.; lanes 5-6). (h-k) Purity and characterization of dopamine-induced α-syn oligomers. (h) Chromatograms of Superose 6 purification of monomeric α-syn (black curve) and dopamineinduced α-syn oligomers formed by incubation of α-syn (140 μM) with 20 eq. of dopamine (red) for 4 days. Peak 3 (42 min) corresponded to the α-syn monomer peak (14 kDa), whereas peak 1 (18 min) corresponded to the void volume (size 4600 kDa). The broad peak 2 in between corresponded to oligomeric α-syn species, whereas peak 4 (53 min) corresponded to excess dopamine. (i) After 4 days of incubation of α-syn with 20 eq. of dopamine (lane 1), the sample was filtered through a 100-kDa filter. The remaining monomers were obtained in the filtrate (lane 3), whereas the oligomers remained on top of the filter (lane 2). SDS-PAGE analysis confirmed that the oligomers were free of monomers, as evidenced by the absence of a band at~15 kDa (lane 2). The final concentration of α-syn oligomers was determined by amino acid analysis. inhibitor of α-syn fibrillization 22 or by replacing monomeric α-syn by β-synuclein (β-syn), a close α-syn homolog that lacks the NAC (non-Aβ component) region, does not form fibrils 36 and inhibits α-syn fibrillization and inclusion formation in vitro 37 and in vivo, 38 respectively. Remarkably, the addition of Tolcapone significantly reduced α-syn mixture-induced toxicity in both M17 cells and primary neurons, indicating that fibrillar growth contributes to the toxic event (Figure 5a and Supplementary Figure S5A) . Interestingly, the slight toxicity induced by α-syn PFFs alone in primary neurons was not significantly inhibited by Tolcapone, suggesting that α-syn PFFs could promote cell death by other mechanisms (Figure 5a ). These findings are also consistent with nucleated polymerization-linked toxicity as Tolcapone is known to inhibit fibril growth without disrupting the preformed fibrils. 22 Moreover, the substitution of monomeric α-syn by monomeric β-syn in the mixture composition did not promote any toxicity in primary neurons or in M17 cells (Figure 5b and Supplementary Figure S5B ), indicating that α-syn fibrillar growth and seeding capacity play key roles in mediating α-syn toxicity.
Previous studies have suggested that α-syn fibril formation could be seeded by fibrils derived from other amyloid-forming proteins in vitro, in primary neurons and in transgenic mice. 38 To determine whether cross-seeding of α-syn could contribute Figure S7) . In both cellular models, α-syn PFFs, but not α-syn monomers, were observed to associate with the plasma membrane (Supplementary Figures S8 and S9A) . Interestingly, the addition of α-syn monomers to the PFFs resulted in the formation of an entangled network of α-syn aggregates that grew over time at the plasma membrane ( Figure 6a and Supplementary Figures S8 and S9A) and that were positive for the proteostat dye that binds to the cross-β spine quaternary structure of amyloidlike protein aggregates [39] [40] [41] ( Figure 6b and Supplementary Figure S9B ). These findings suggest that α-syn PFFs on the membranes may act as effective seeds and accelerate the fibrillization of monomeric α-syn. This may occur via primary or secondary nucleation events that could lead to (1) formation of additional fibrillar species, (2) formation of toxic oligomers or (3) disruption of the plasma membrane by either or both of these processes. Interestingly, total cell lysates analyzed by WB showed significant accumulation of α-syn aggregates on membranes and inside the cells only when cells were treated with α-syn mixture (Figures 6c and d and Supplementary Figures S9C and D) . Under these conditions, the accumulation of higher-molecular-weight α-syn species was also observed, confirming the conversion of monomeric α-syn to stable oligomeric and fibrillar species (Figures 6c and d and Supplementary Figures S9C and D) .
To provide more direct evidence for membrane association and disruption, we then used correlative light and electron microscopy (CLEM) (Supplementary Figure S10A) to visualize at ultrastructural level the accumulation and the fibrillization of α-syn species at the neuronal plasma membrane and to investigate how these dynamic processes could affect plasma membrane integrity. CLEM imaging confirmed that α-syn PFFs alone or combined with monomeric α-syn tightly bind to the plasma membrane of primary neurons (Figures 7a and b) . However, in the α-syn mixture condition, more fibrils associated and grew at the cell surface in a time-dependent manner (Figure 7b ), leading to the formation of longer fibrils (Figures 7b and c) . In addition, the presence of α-syn aggregates at the cell surface led to partial (PFFs alone) or total (α-syn mixture) disruption of the plasma membrane at the latest time point (Figures 7a, b and d) compared with the control (Supplementary Figure S10B) . Moreover, plasma membrane invaginations were detectable in the treated neurons at early time points (Figures 7a and b) .
Fibrillization-induced membrane disruption suggests the possibility that this process could increase the uptake of extracellular α-syn aggregates. Therefore, we investigated whether exogenous α-syn species could be internalized in the M17 cells over time using fluorescently labeled proteins with Oregon green (OG) or Alexa-fluor 594 dyes (Supplementary Figure S7 ) combined with live flow cytometry quantification. We observed internalization of the PFFs (OG-F) at early time points (~4 h) in cells treated with α-syn PFFs alone (green line), or with α-syn mixture (OG-F+monomers A594 ) (purple line). However, no further accumulation of α-syn PFFs in the cells was observed at later time points (Supplementary Figure  S9E) . Conversely, α-syn monomers A594 were internalized and accumulated in cells in a time-and concentration-dependent manner (Supplementary Figure S9F, red line) . Indeed, in the case of α-syn mixture, the presence of α-syn PFFs promoted the aggregation of monomeric α-syn at the plasma membrane (Supplementary Figure S9B) , and these newly formed aggregates comprising α-syn monomers A594 were then internalized and accumulated in the cells (Supplementary Figure S9F , purple line).
Altogether, our data suggest that the toxic properties of α-syn mixture in cells might be linked to fibril deposition, growth and seeding capacity at the plasma membrane. However, given that α-syn is also internalized in cells, we cannot rule out the possibility that activation of intracellular pathways may also contribute to α-syn mixture-induced toxicity. Therefore, we next investigated the cell signaling pathways involved in the induction of cell death by α-syn (b) After 3 days, primary hippocampal neurons were washed 3 times before fixation, stained with the proteostat dye to specifically detect aggregates and immunostained against α-syn (red) and against MAP2, a specific neuronal marker (gray). Scale bars = 10 μm. (c) Primary hippocampal neurons were washed three times to wash out the excess of proteins not attached to the cells. Primary hippocampal neurons were then lysed directly in LB 2 × and boiled for 10 min before being loaded onto a 15% SDS-PAGE gel and further analyzed by WB. α-Syn protein level was detected as a main band at ∼ 15 kDa using specific antibody. Accumulation of α-syn at higher molecular weights was also observed and indicates the conversion of monomeric α-syn into stable oligomeric or fibrillar states. Actin was used as a loading control. A mixture of α-syn monomers and fibrils initiates apoptosis in a caspase 8-dependent manner. Extracellular α-syn mixture led to the activation of both caspase 8 (initiator caspase activated in the extrinsic pathway) 42 and caspase 9 (initiator caspase activated in the intrinsic pathway) 42 in primary neurons and in M17 cells (Figures 8a and b  and Supplementary Figures S11A and B) . α-Syn PFFs alone also induced the activation of the two initiator caspases but exclusively in the primary neurons (Figures 8a and b and Supplementary Figures S11A and B) and to a lesser extent than α-syn mixture. To determine which pathway was activated first, cells were treated for 4 days with the mixture of α-syn monomers and PFFs in the presence of specific caspase inhibitors. ZVAD-fmk (general caspase inhibitor) prevented the activation of caspase 8 ( Figure 8c and Supplementary Figure S11C Figure S11F) . Altogether, these findings suggest that a mixture of α-syn PFFs and monomers could initiate apoptosis through the activation of the extrinsic pathway.
Discussion
Increasing genetic and pathophysiological evidence support the hypothesis that α-syn aggregation and fibril formation play a central role in the development of PD. Nevertheless, key questions regarding the nature of the toxic species, the role of the aggregation process itself or the cell death pathways involved in α-syn toxicity remain unanswered. Our study aimed at determining whether the dynamic of the fibrillization process itself, rather than isolated α-syn species, was the major contributor to extracellular α-syn-mediated toxicity.
To elucidate the relationship between α-syn aggregation state, fibril formation and toxicity, we developed highly standardized and reproducible protocols to prepare, isolate and fully characterize recombinant α-syn monomers (free of oligomers and fibrils), fibrils or oligomers (containing o5% of monomeric α-syn). We showed that all three α-syn species were not toxic to the neuroblastoma cells when added individually. These findings are not in agreement with previous reports demonstrating increased cellular toxicity in neuroblastoma cell lines upon treatment with extracellular α-syn fibrils, and low toxicity level with α-syn monomers. [22] [23] [24] [25] 43 It is noteworthy that the starting α-syn material used in these studies was not fully characterized, and that the ratio of monomeric to aggregated α-syn species was not assessed or reported. Therefore, we cannot rule out the possibility that the α-syn preparations used in these studies contained mixtures of monomers and aggregated forms (oligomers or fibrils) of α-syn. Another factor that could contribute to the discrepancies with our findings is that these studies relied solely on the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay which has been proven not to be reliable for assessing cell death 42 induced by the amyloid fibrils. 34, [45] [46] [47] To address this limitation, we assessed toxicity using several independent indicators of cell death including loss of membrane integrity, TUNEL staining and caspase 3, 8 and 9 activation.
In this study, we demonstrated that cell death occurs only under conditions that promote α-syn fibrillar growth and amyloid formation in neuroblastoma cell lines. In primary neurons and in ex vivo slices culture, α-syn PFFs alone induced some cell death. However, the toxicity was considerably increased when α-syn monomers were added to α-syn PFFs. α-Syn dopamine-stabilized oligomers that cannot convert to fibrils and lack seeding capacity did not exhibit significant toxicity. We expect that on-pathway oligomeric forms of α-syn would be more toxic as a result of their ability to convert to fibrils. These results further support our hypothesis that the nucleated polymerization process itself significantly contributes to cellular toxicity.
To test this hypothesis, we next investigated whether inhibiting fibril growth would significantly reduce or reverse α-syn toxicity. Indeed, our studies revealed that the inhibition of α-syn aggregation and fibril growth using a known inhibitor of α-syn fibrillization (e.g., Tolcapone) protected against α-syn mixture-induced toxicity. These findings are consistent with previous studies demonstrating that nucleated polymerization, which requires the presence of monomers, plays a central role in amyloid toxicity. For example, Aβ1-42 exhibited higher toxicity as a crude mixture of monomers and oligomers compared with purified monomers, protofibrils or fibrils. 33, 34 Interestingly, primary neurons derived from α-syn knockout mice lacking endogenous α-syn exhibit protection against the toxicity of recombinant α-syn fibrils. 14, 17 Similarly, in scrapie disease, it was shown that the normal host protein PrP c is essential for the development of scrapie-induced neurotoxicity. 48 In this study, we showed for the first time that the dynamic aggregation of full-length α-syn and its fibrillization are key mediators of α-syn-induced extracellular toxicity. However, the fact that PFFs alone could also induce toxicity in primary neurons and in ex vivo slice cultures suggests that extracellular α-syn fibrils could exert their toxicity via multiple cellular pathways.
Our results showed that α-syn fibrils, but not α-syn monomers, bind tightly to the cell plasma membrane and serve as nucleation sites for the aggregation of extracellular monomeric α-syn. Indeed, in the presence of α-syn PFFs, α-syn monomers in the culture media were converted into amyloid-like structures that accumulated at the plasma membrane of primary neurons. In the α-syn mixture condition, more fibrils associated and grew at the cell surface in a time-dependent manner, leading to the formation of longer fibrils and membrane disruption. This is consistent with α-Synuclein fibrillization promotes apoptosis A-L Mahul-Mellier et al a previous study of Holmes et al. 49 showing that α-syn fibrils interact with the cell plasma membrane by binding to heparan sulfate proteoglycans. Both proteoglycans 50, 51 and lipids 44, 52, 53 have been shown to accelerate and increase the aggregation propensity of α-syn in vitro, suggesting that these molecules may play important roles in mediating α-syn membrane interactions, fibril growth and toxicity. In addition, mature α-syn fibrils at the plasma membrane could also serve as secondary nucleation sites for α-syn oligomerization and fibril formation. 54, 55 This hypothesis is supported by recent findings, 
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α-Synuclein fibrillization promotes apoptosis A-L Mahul-Mellier et al Figure 7 α-Syn fibrils attach at the cell plasma membrane of hippocampal neurons and nucleate α-syn aggregation (a and b). Primary hippocampal neurons were seeded on special IBIDI dishes with alphanumerical searching grids imprinted on the bottom, allowing an easy localization of the cells when they was processed for TEM analysis. Cells were treated either with Tris buffer (negative control; illustrations are shown in Supplementary Figure S10 ), α-syn A594 PFFs (2 μM) alone (left column) or with α-syn mixture composed of α-syn monomers (18 μM) and α-syn A594 PFFs (2 μM) mixture (right column) for 1 (1d), 3 (3d) or 6 days (6d). Cells were first imaged with confocal microscopy and the selected neurons were further processed for TEM analysis. Shown are EM micrographs of the neurons of interest at 1d (top row), 3d (middle row) and 6d (bottom row). Fibrils of α-syn interact with neuronal plasma membrane (arrows) in a time-dependent manner in both conditions. The neuronal plasma membrane is highlighted in orange. The presence of monomeric α-syn in the mixture composition led to the formation of larger fibrillar aggregates (asterisk). In addition, the presence of α-syn fibrils disrupted the plasma membrane as shown after extended treatment (3d and 6d). Scale bars = 0.5 μm; cytopl, cytoplasm; nuc, nucleus. properties than those initially added to the cells. To gain insights into the mechanisms by which α-syn PFFs or the newly formed aggregates could induce cellular toxicity, we investigated at the ultrastructural level how their localization at the cell surface could affect plasma membrane integrity. CLEM analysis revealed that the plasma membrane of the hippocampal primary neurons was totally disrupted after a few days in presence of α-syn mixture, whereas the deposition of PFFs led only to a partial disruption. The addition of α-syn monomers to the PFFs at the cell surface promotes the formation of a complex fibrillar network that compromises the plasma membrane integrity, as shown by the higher uptake of vital dyes with massive cell death as a consequence. Our data are in line with recent studies showing that interaction and aggregation of α-syn with lipid bilayers or vesicles in vitro leads to membrane disintegration 52, 57 and in vivo accumulation of extracellular α-syn at the surface of primary neurons perforates the plasma membrane leading to synaptic transmission defects and neuronal cell loss. 58 Interestingly, newly formed α-syn aggregates following the addition of α-syn mixture to the culture media were internalized into M17 cells more rapidly than pure PFFs. These findings, combined with our CLEM data, suggest that the process of aggregation at the plasma membrane led to modifications and/ or partial disruption of the cell membrane, which in turn facilitates the internalization of α-syn fibrils, newly formed aggregates or even the uptake of α-syn monomers present in excess in the cell culture media. Once internalized, the different species of α-syn could have several deteriorating effects on the physiological condition of the neurons. Indeed, local increase of α-syn concentration in the neuronal cell bodies following uptake of extracellular α-syn could perturb the intracellular homeostasis of endogenous α-syn or could seed its aggregation. Therefore, the toxicity of α-syn mixture might not only be due to its capacity to aggregate at the plasma membrane, but also to its cellular uptake and activation of multiple toxic pathways.
To gain more insight into the mechanisms of α-syn toxicity, we determined which cell death pathways mediated α-syn aggregation-induced toxicity in our models. Using complementary approaches including TUNEL staining and caspases activation, we showed that α-syn mixture induces apoptosis. This is consistent with previous reports showing condensed and fragmented nuclei in SH-SY5Y cells when treated with aged solutions of recombinant α-syn, 23 and in vivo caspase 3 activation in neurons exposed to extracellular α-syn aggregates from neighboring cells. 12 In this study, we showed that both extrinsic and intrinsic pathways are activated by α-syn mixture. Although this is the exception rather than the rule, previous studies in cellular 59 and in vivo PD models, 60 together with post-mortem analysis of PD brains, 60 similarly showed the activation of both caspases 8 and 9. Importantly, we showed that the extrinsic pathway is activated first by α-syn aggregation, possibly through binding to receptors located at the plasma membrane.
Altogether, our data provide novel insights into the possible mechanisms by which extracellular α-syn and the dynamics of fibril formation could contribute to α-syn toxicity and PD pathology. On the basis of our data and published studies, we propose the following model (Supplementary Figure S12) . Fibrillar α-syn species, but not α-syn monomers, bind tightly to the plasma membrane and serve as nucleation sites for the aggregation of extracellular monomeric α-syn. The accumulation of these newly formed aggregates could induce toxicity through the disruption of the membrane induced by fibril growth on the membrane, leading to membrane thinning 61 and disruption through sequestration of lipid molecules 52, 57 (Supplementary Figure S12A) or pore formation 62 (Supplementary Figure S12B) . It has been also postulated that secondary nucleation events could contribute to cellular toxicity by promoting the formation of highly toxic oligomeric species, [54] [55] [56] although the mechanisms by which these species induce toxicity and whether or not they act directly on membrane receptors remain unknown (Supplementary Figure S12C1) . During this dynamic aggregation process, the growing α-syn fibrils might directly bind to specific cell surface receptor molecules, leading to the activation of cell death signaling pathways (Supplementary Figure S12C2) . Therefore, small-molecule drugs or conformational antibodies that directly target fibrils or inhibit fibrillar growth and secondary nucleation events could provide viable therapeutic strategies for the treatment of PD and other synucleinopathies. Finally, our work underscores the importance of developing novel tools to characterize α-syn species within the complex environment of the cell plasma membrane and to advance our understanding of the mechanisms of extracellular α-syn toxicity. , donkey anti-mouse Alexa 647 and goat anti-rabbit Alexa 680 were purchased from Life Technologies (Zug, Switzerland). The secondary antibody goat anti-mouse IgG IRDye 800CW was obtained from Li-Cor Biosciences GmbH (Bad Homburg, Germany). Tolcapone (aggregation inhibitor) was purchased from SigmaAldrich. ZVAD-fmk (general caspase inhibitor), IETD-fmk (caspase 8 inhibitor) and LEHD-fmk (caspase 9 inhibitor) were from Enzo Life Sciences (Lausen, Switzerland).
DNA constructs. Human α-syn, β-syn and V16C-α-syn were subcloned in the pT7-7 plasmids. Palmitoylation domain of neuromodulin-YFP was a gift from Professor Rémy Sadoul (UJF, Grenoble, France). The longest tau isoform (tau441) cloned into the pET-15b expression vector was a gift from Dr. Eliezer, Weill Cornell Medical College (New York, NY, USA).
Expression and purification of α-syn, β-syn and V16C-α-syn. pT7-7 plasmids were used for the expression of recombinant human α-syn and β-syn in E. coli. Human WT α-syn and β-syn were expressed and purified by anion exchange chromatography (AEC) and SEC as described in detail by Fauvet et al. α-Syn was further purified via reverse-phase HPLC (Waters 600 system, BadenDättwil, Switzerland) using a Cosmosil C4 preparative column (20 mm × 250 mm, 38048) with a linear gradient of 20-70% B (solvent A: H 2 O/0.1% formic acid, solvent B: acetonitrile/0.1% formic acid). α-Syn elution was monitored by UV absorbance at 214 and 280 nm and the mass was confirmed by MALDI-TOF-MS and ESI-MS (Thermo Scientific, Reinach, Switzerland) analysis and SDS-PAGE. Acetonitrile was removed from the α-syn-containing fractions using a rotary evaporator and the α-syn fractions were lyophilized and stored at − 20°C until further use. The same procedure was followed for the expression and purification of V16C-α-syn; however, potential disulfide bonds were reduced by the addition of tris (2-carboxyethyl)-
phosphine hydrochloride (TCEP, Sigma-Aldrich) before the SEC and RP-HPLC purification steps. To ensure that the monomeric preparation was free of oligomers and fibrils, the stock solutions were always filtered through 100 kDa Amicon filters (Millipore).
Fluorescent labeling of V16C-α-syn. Recombinant V16C-α-syn was dissolved in 200 mM of Tris, pH 7.0 (Trizma hydrochloride solution, Sigma-Aldrich). Subsequently, two equivalents (final conc. 200 μM) of TCEP (Sigma-Aldrich) were added to the protein solution and incubated at room temperature (RT) for 5 min. OG maleimide, Alexa-fluor 594 maleimide or Alexa-fluor 647 maleimide (Life Technologies) were then added to the protein solution at a final concentration of 500 μM (5 equivalents). The reaction was followed by ESI-MS and within 1 h, 95% of the V16C-α-syn was conjugated with the maleimide compound. The free dye was separated from the labeled α-syn with the PD10 gel filtration column (Fisher Scientific AG, Lucens, Switzerland) following the manufacturer's instructions. Briefly, the column was equilibrated with 50 ml of H 2 O and the protein solution diluted to 2.5 ml was added on top of the column and eluted with H 2 O. After collection, α-syn fractions were identified by SDS-PAGE and then combined and lyophilized. Correct mass of labeled α-syn was determined by MALDI-TOF-MS and ESI-MS analyses. Purity was further confirmed by SDS-PAGE analysis in combination with UV spectroscopy.
Preparation of α-syn fibrils. α-syn fibrils were formed by incubating 500 μl of filtered (100 kDa filter; Millipore) monomeric α-syn solution (50 mM Tris, 150 mM NaCl, pH 7.5) under constant orbital agitation (1000 r.p.m.; Peqlab, Thriller, Germany) at 37°C for 5 days. 28 Labeled α-syn fibrils were made from 95% of unlabeled monomeric α-syn solution and 5% of labeled monomeric α-syn solution. The fibrils were mechanically reduced in size by sonication on ice (Sonics VibraCell, Newtown, CT, USA) with a fine tip for 5 s at an amplitude of 40%. Note that sonication of α-syn fibrils is a crucial step and should be carefully conducted in order to have sufficient breakage of the mature fibrils into smaller seeds, with a minimum release of α-syn monomers. Sonicated α-syn fibrils were aliquoted, snap frozen in liquid nitrogen and stored at − 80°C. An aliquot of the sonicated fibrils was diluted 4 times in aggregation buffer (50 mM Tris, 150 mM NaCl, pH 7.5) before characterization.
Characterization of α-syn fibrils by TEM. The formation of α-syn fibrils was verified by TEM as previously described by Fauvet et al. 28 Briefly, 10 μl of α-syn fibrils were deposited on Formvar-coated 200 mesh copper grids (Electron Microscopy Sciences, Hatfield, PA, USA). After two washes with double-distilled H 2 O, grids were stained with uranyl formate 0.7% (w/v; Electron Microscopy Sciences, Hatfield, PA, USA) followed by vacuum drying from the edge of the grids. Specimens were examined using Tecnai Spirit TEM (FEI, Eindhoven, The Netherlands) operating at 80 kV of acceleration voltage and equipped with bottommounted 4k × 4k Eagle CCD camera controlled by TIA acquisition software (FEI).
Characterization of α-syn fibrils by ThT. The extent of fibril formation and amyloid-like properties of a-syn aggregates were assessed by ThT fluorescence as explained previously. 28 Briefly, sonicated α-syn fibrils were resuspended in ThT solution (50 mM glycine, pH 8.5, 10 μM ThT solution) and loaded as triplicate in a black 384-well plate (Nunc, Roskilde, Denmark). The plates were agitated under orbital shaking for 5 min to homogenize the samples and ThT fluorescence was measured with a TECAN spectrometer (Bucher Biotek, Basel, Switzerland) at an excitation wavelength of 450 nm and an emission wavelength of 485 nm.
Characterization of α-syn fibrils by SDS-PAGE and Coomassie blue staining. The presence of residual soluble α-syn in the sonicated α-syn fibril solution was assessed by SDS-PAGE analysis in combination with Coomassie blue staining. Residual monomeric α-syn was assessed by filtering the α-syn fibril solution through a 100-kDa filter. After filtration, 20 μl of the filtrate was sampled and resuspended in 20 μl of 2 × Laemmli Buffer (LB) (2% SDS, 20% glycerol, 0.05% bromophenol blue, 0.125 M Tris-HCl, pH 6.8, and 5% β-mercaptoethanol). The amount of soluble α-syn in the α-syn fibril solution was assessed by high-speed centrifugation. Then, 40 μl of sonicated α-syn fibril solution was centrifuged at 20 000 × g for 30 min at 4°C. Next, 20 μl of supernatant was carefully sampled and resuspended in 20 μl of 2 × LB. The rest of the supernatant was removed and the pellet with sonicated fibrils was resolubilized in 40 μl of aggregation buffer. Resolubilized pellet (20 μl) was resuspended in 20 μl of 2 × LB. Samples were boiled for 10 min at 95°C before being loaded on a 15% polyacrylamide SDS-PAGE gel and stained by Coomassie Brilliant Blue R-450 solution (Life Technologies). As sonication of mature fibrils can lead to the release of small amounts of monomeric α-syn, only preparations with residual levels of α-syn monomers o5% were used in our toxicity studies.
Preparation and characterization of dopamine-induced α-syn oligomers. Recombinant α-syn was dissolved in 20 mM Tris, pH 7.4, and 100 mM NaCl to a final concentration of 140 μM, the pH was readjusted to pH 7.5 with NaOH and the protein solution was filtered through a 100-kDa filter. After addition of 20 equivalents of dopamine (2.8 mM), the α-syn solution was incubated at 37°C under constant orbital shaking (200 r.p.m.) for 4 days.
The formation of oligomers was monitored by gel filtration chromatography. Samples were applied at a concentration of 35 μM onto a Superose 6 10/300 GL column (Fisher Scientific AG) equilibrated with 50 mM Tris, 150 mM NaCl, pH 7.5, and eluted at a flow rate of 0.4 ml/min, using an Agilent 1200 series HPLC pump (Agilent, Santa Clara, CA, USA). The elution of the protein was monitored by UV absorbance at 280 nm (Agilent 1200 VWD, Agilent). α-Syn oligomers were characterized by EM, ThT staining and SDS-PAGE analysis.
The α-syn oligomers in the crude mixture (Figure 1i , crude) were separated from the residual monomer (Figure 1i , filtrate) by filtration of the protein solution through a 100-kDa filter (Vivascience, Fisher Scientific, Loughborough, UK). The α-syn oligomers, retained on the top of the filter (Figure 1i , top filter) were resuspended in the original volume in 20 mM Tris, pH 7.4, and 100 mM NaCl, transferred into a new eppendorf tube and stored at 4°C. The final α-syn oligomer concentration was determined by amino acid analysis (Functional Genomics Center, UZH/ETH, Zurich, Switzerland).
Expression and purification of tau. The longest tau isoform (tau441) was expressed in E. coli strain BL21. The purification protocol was adapted from Harbison et al. 63 After induction with IPTG for 5 h, cells were pelleted, broken by sonication in lysis buffer (3 M urea in 10 mM MES, pH 6.5, 1 mM DTT, 1 mM EDTA and 1 mM PMSF). After centrifugation at 150 000 × g for 1 h at 4°C, 1% (w/V) of streptomycin sulfate was added to the supernatant, and the solution stirred for 90 min at 4°C. After centrifugation for 1 h at 27 000 × g, the supernatant was dialyzed overnight in IEX buffer A (10 mM MES, pH 6.5, 20 mM NaCl, 1 mM DTT and 1 mM EDTA). The supernatant was filtered and loaded onto a cation-exchange column (monoS Fisher Scientific AG; IEX buffer A: 10 mM MES, pH 6.5, 20 mM NaCl, 1 mM DTT and 1 mM EDTA; IEX buffer B: 10 mM MES, pH 6.5, 1 M NaCl, 1 mM DTT and 1 mM EDTA). Fractions containing the proteins were dialyzed overnight in acetic buffer (5% acetic acid in water) and loaded on a reverse-phase HPLC C4 column (PROTO 300 C4 10 μm, Higgins Analytical, Mountain View, CA, USA; buffer A: 0.1% TFA in water, buffer B: 0.1% TFA in acetonitrile).
Preparation and characterization of tau fibrils. Tau fibrils were formed by incubating 300 μl of monomeric tau at 300 μM in the presence of 50 μM heparin sodium salt (Applichem GmbH, Darmstadt, Germany) under constant orbital agitation (1000 r.p.m., Peqlab) at 37°C for 72 h, in 10 mM HEPES, 100 mM NaCl and 2.5 mM DTT, pH 7.4. The fibrils were mechanically broken down into small fragments by 10 min bath sonication (ultrasonic cleaner, VWR, Dietikon, Switzerland). Sonicated tau fibrils were aliquoted, snap frozen in liquid nitrogen and stored at − 80°C.
Neuroblastoma cell culture. M17 neuroblastoma cell lines were maintained in 50% F-12, 50% MEM supplemented in 10% FCS, 100 μg/μl streptomycin and 100 U/ml penicillin (Life Technologies).
Primary culture of hippocampal neurons. Primary hippocampal neurons were prepared from P0 pups from mice (C57BL/6JRccHsd, Harlan) as previously described. 64 Briefly, the cerebral hippocampi were isolated stereoscopically and dissociated by trituration in medium containing papain (20 U/ml, Sigma-Aldrich). Hippocampal neurons were cultured in Neurobasal medium containing B27 supplement, L-glutamine and penicillin/streptomycin (Life Technologies). The neurons were seeded in 96-well plates or onto coverslips (CS; VWR) previously coated with poly-L-lysine 0.1% w/v in water (Sigma-Aldrich) at a density of 150 000 cells/ml. After 7 days, the cells were treated with cytosine β-D-arabinofuranoside (Sigma-Aldrich) to a final concentration of 2.3 μM to inhibit glial cell division. The neurons were used after 14 days in culture (2 weeks old).
α-Synuclein fibrillization promotes apoptosis A-L Mahul-Mellier et al Hippocampal slice cultures. Transverse hippocampal organotypic slice cultures (400 μm thick) from 6-to 7-day-old rats were prepared as described by Stoppini et al.
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. Slices were cultured on small membrane confetti on top of a Millipore insert to facilitate transfer of slice cultures to recording conditions (6-8 mm in diameter; Millipore). Slice cultures were maintained in a CO 2 (5%) incubator at 37°C for 2 days, then at 33°C with medium changed every 3-4 days.
Immunocytochemistry. M17 cells or hippocampal primary neurons were seeded onto coverslips coated with poly-L-lysine (Life Technologies) and treated with extracellular α-syn monomers and/or fibrils for the indicated time point. For live imaging, hippocampal primary neurons were infected with DsRed viral particles (gift from Professor Patrick Aebischer, Lausanne, Switzerland) 1 week before incubation with α-syn species. After the treatment, cells were washed 3 times with phosphatebuffered saline (PBS) and then fixed in 4% paraformaldehyde (PFA) for 20 min at 4°C. After blocking with 3% bovine serum albumin (BSA) in 0.1% Triton X-100 PBS (PBS-T) for 30 min at RT, mammalian cells or hippocampal primary neurons were incubated with primary antibodies (rabbit anti-α-syn and/or mouse anti-MAP2 and/or mouse β-catenin) for 2 h at RT. The cells were rinsed 5 times in PBS-T and subsequently incubated with the secondary anti-mouse Alexa 405 , anti-mouse Alexa 488 or anti-rabbit Alexa 568 at a dilution of 1 : 800 in PBS-T. The cells were washed 5 times in PBS-T and incubated for 30 min at RT in DAPI at 2 μg/ml (Life Technologies), before mounting in polyvinyl alcohol mounting medium with DABCO (Sigma-Aldrich). The cells were then examined with confocal laser-scanning microscope (LSM 700, Carl Zeiss Microscopy, Oberkochen, Germany) with a 20 × or a 63 × objective and analyzed using Zen software.
Quantification of cell death by dye exclusion method in mammalian cell lines, in hippocampal slices culture and in hippocampal primary neurons M17 neuroblastoma cell lines: M17 cell lines were plated in 24-well plate and treated for 24 h after plating with extracellular monomeric α-syn, fibrillar α-syn, oligomeric α-syn or a mixture of monomeric and fibrillar α-syn or a mixture of monomeric and oligomeric α-syn. After 2 or 4 days of treatment, cell death was quantified by the vital dye exclusion method using PI, a membrane-impermeant dye that enters only in cells with damaged plasma membranes. Briefly, the supernatant and the adherent cells were harvested and collected in FACS tubes. Cells were then centrifuged for 5 min at 500 × g. The pelleted cells were resuspended in PBS. PI was added to the cells at a final concentration of 2 μg/ml (Millipore). Cells were then analyzed by flow cytometry using Accuri C6 (BD Biosciences). PI emission was collected in Fl2 channel and FlowJo software (Treestar, Ashland, OR, USA) was used for subsequent analysis.
Hippocampal slice cultures: Hippocampal slice cultures were treated at day in vitro (DIV) 13-14 with extracellular monomeric α-syn, fibrillar α-syn or a mixture of monomeric and fibrillar α-syn. For each of these conditions, other slice cultures form the same batch were treated with Tris buffer (50 mM Tris, pH 7.5, 150 mM NaCl) and used as control. After 24 h, cell death was measured by quantification of PI-positive cells in the CA1 region. PI (5 μg/ml) was added to the culture medium and incubated for 20 min at 33°C. After washing with culture medium, images of CA1 area were acquired under a 10 × objective mounted on an epifluoresence Axioskop2 microscope equipped with an AxioCam connected to Axiovision software (Carl Zeiss Microscopy). Quantification of PI-positive cells in CA1 pyramidal layer was done with a custom-made Matlab program (Natick, MA, USA).
Hippocampal primary neurons:
Hippocampal primary neurons were plated in 96-well plate and treated with extracellular monomeric α-syn, fibrillar α-syn, oligomeric α-syn or a mixture of monomeric and fibrillar α-syn or a mixture of monomeric and oligomeric α-syn. After 3 or 6 days of treatment, cell death was quantified by the vital dye exclusion method using Sytox Green (SG, Life Technology), a membrane impermeant dye that enters only in cells with damaged plasma membranes. Briefly, the cells were washed 3 times with PBS before being incubated with SG at a final concentration of 330 nM. After 15 min of incubation, cells were washed twice with PBS and fluorescence was quantified using Tecan infinite M200 Pro plate reader (Tecan, Mannedorf, Switzerland) with respective excitation and emission wavelength of 487 and 519 nm.
TUNEL method in neuroblastoma cell lines and in hippocampal primary neurons. DNA fragmentation was detected using the TUNEL method as described by Gavrieli et al. 66 M17 and SH-SY5Y cells or hippocampal primary neurons were seeded on coverslips and treated with α-syn monomers and/or fibrils for the indicated time. Then, the cells were washed 3 times with PBS to remove unattached recombinant α-syn and fixed in 4% PFA for 15 min at 4°C. Cells were permeabilized in a solution composed of 0.1% Triton X-100 in 0.1% citrate buffer, pH 6.0, and then washed in PBS buffer before incubation with terminal deoxynucleotide transferase (In Situ Cell Death Detection kit; Roche) for 1 h at 37°C in a solution containing TMR red dUTP.
The nucleus was counterstained with SG at 0.5 μM (Life Technologies) by 15 min of incubation in PBS. For the hippocampal primary neurons, the neurons were also specifically stained for NeuN, a nuclear neuronal marker (see Immunocytochemistry section). The cells were washed five times in PBS before mounting in polyvinyl alcohol (PVA) mounting medium with the anti-fading DABCO reagent (SigmaAldrich). The cells plated on CS were then examined with a microscope (Axioplan, Carl Zeiss Microscopy) with a 20 × objective and analyzed using ImageJ (US National Institutes of Health, Bethesda, MD, USA).
Quantification of active caspases 3, 8 and 9 in neuroblastoma cell lines and in hippocampal primary neurons. CaspaTag fluorescein caspase 3, 8 or 9 activity kit (Millipore) allows the detection of active effector caspase (caspase 3) or initiator caspases (caspases 8 or 9) in living cells. These kits used specific fluorochrome peptide inhibitors of caspases (FLICA) respectively: FAM-DEVD-fmk for caspase 3, FAM-LETD-FMK for caspase 8 and FAM-LEHD-fmk for caspase 9. These probes passively enter the cells and bind irreversibly to the active caspases.
At 4 days after treatment with α-syn monomers and/or α-syn fibrils in the presence or not of the caspases inhibitors (Z-VAD-fmk (general caspase inhibitor), IETD-fmk (caspase 8 inhibitor) and LEHD-fmk (caspase 9 inhibitor)), M17 and SH-S5Y5 cells were harvested and incubated for 1 h at 37°C with FAM-DEVD-FMK (caspase 3), FAM-LETD-fmk (caspase 8) or FAM-LEHD-fmk (caspase 9) and with PI in accordance with the supplier's instructions. Fluorescein emission was analyzed by flow cytometry (Accuri C6 (BD Biosciences)) in Fl1 channel and PI emission was collected in Fl3 channel. FlowJo was used for subsequent analysis.
For hippocampal primary neurons, cells were washed 3 times with PBS and incubated for 30 min at 37°C with FAM-DEVD-FMK (caspase 3), FAM-LETD-fmk (caspase 8) or FAM-LEHD-fmk (caspase 9) or with SG in accordance with the supplier's instructions. Fluorescein emission was quantified using Tecan infinite M200 Pro plate reader (Tecan) with respective excitation and emission wavelength of 487 and 519 nm.
Proteostat staining. Hippocampal primary neurons or M17 were plated on CS and treated with extracellular monomeric α-syn, fibrillar α-syn, oligomeric α-syn or a mixture of monomeric and fibrillar α-syn or a mixture of monomeric and oligomeric α-syn. After α-syn treatment (2 days of treatment for the M17 and 3 days of treatment for the primary neurons), cells were washed 3 times with PBS to remove unattached recombinant α-syn from the cells and fixed in 4% PFA. Proteostat staining (Enzo Life Sciences) was performed to visualize α-syn aggregates formed at the cell plasma membrane. After permeabilization on ice with 0.5% Triton X-100, cells were incubated for 30 min with the proteostat aggregation detection dye. Proteostat dye binds specifically to the cross-β spine quaternary structure of amyloid-like protein aggregates. [39] [40] [41] ICC was then performed to detect α-syn (see Immunocytochemistry section) and the cells plated on CS were then examined with confocal laser-scanning microscope (LSM 700, Carl Zeiss Microscopy) with a 63 × objective and analyzed using Zen software (Carl Zeiss Microscopy).
Cell lysis and WB. Proteins samples (after purification) or cells were resuspended in 2 × LB and boiled for 10 min. Proteins were then separated on a 15% SDS-PAGE gel and transferred onto nitrocellulose membrane (Fisher Scientific, Lucens, Switzerland) with a semi-dry system (Bio-Rad, Crissier, Switzerland). Membranes were probed overnight at 4°C with the primary antibody of interest after 30 min of blocking in Odyssey blocking buffer (Li-Cor Biosciences, Bad Homburg, Germany) diluted 1 : 3 in PBS (Sigma-Aldrich). After four washes with PBS and 0.01% (v/v) Tween-20 (PBS-T, Sigma-Aldrich), membranes were incubated for 1 h with secondary antibodies (goat or rabbit Alexa Fluor 680 IgG) protected from light at RT. Immunoblots were finally washed 4 times with PBS-T and scanned using a Li-COR scanner (Li-Cor Biosciences) at a wavelength of 700 or 800 nm.
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A-L Mahul-Mellier et al EM analysis of hippocampal neurons. Mouse primary hippocampal neurons were grown on fluorodishes with alphanumeric searching grids etched to the bottom glass (IBIDI, Vitaris, Baar, Switzerland; small square size of 50 × 50 μm) and treated with labeled α-syn A594 PFFs alone (2 μM) or with a mixture composed of α-syn monomers (18 μM) and α-syn A594 PFFs (2 μM). At the indicated time point, cells were washed 3 times with PBS and fixed with 4% PFA for 10 min. Nucleus of the primary neurons was counterstained with DAPI (Life Technologies). Neurons with labeled α-syn A594 at their surface were selected with fluorescence confocal microscope (LSM700, Carl Zeiss Microscopy) for ultrastructural analysis. The precise position of the selected neuron was recorded using the coordinates of the grid. The fluorodishes were then incubated with 2.5% glutaraldehyde and 2.0% paraformaldehyde in 0.1 M phosphate buffer (PB) at pH 7.4 for 2 h. After extensive washing (5 times for 5 min) with 0.1 M cacodylate buffer at pH 7.4, cells were post fixed with 1% osmium tetroxide in 0.1 M cacodylate buffer at pH 7.4 for 1 h and washed with double-distilled water twice for 5 min each wash and en block contrasted with 1% uranyl acetate in double-distilled water for 1 h. After washing with double-distilled water, neurons were dehydrated in graded alcohol series (2 × 50%, 1 × 70%, 1 × 90%, 1 × 95% and 2 × absolute ethanol) for 3 min each wash. Dehydrated cells were infiltrated with Durcupan resin diluted with absolute ethanol at 1 : 2 for 30 min, at 1 : 1 for 30 min and 2 : 1 for 30 min and twice with pure Durcupan (Electron Microscopy Sciences, Hatfield, PA, USA) for 30 min each. After 2 h of incubation in fresh Durcupan resin, the fluorodishes were transferred into 65°C oven to polymerize and cure the resin overnight. The bottom glass CS of the fluorodishes were removed from the hard resin by immersing the fluorodishes into 60°C hot water followed by liquid nitrogen until the CS parted. At this stage the alphanumeric searching grids were also imprinted to the polymerized resin. To easily cut out the selected cells from resin disk and to facilitate the trimming process, a laser dissecting microscope (Leica LDM, Leica Microsystems, Vienna, Austria) was used to mark the position of selected neurons on the surface of the resin block. The selected neuron was cut off from the disk using single edge razor-blade, glued to dummy resin block with superglue and the cutting face trimmed using a ultramicrotome (Leica Ultracut UCT, Leica Microsystems) and a glass knife. Ultrathin sections (50-60 nm) were cut with a diamond knife (DiATOME, Biel, Switzerland) and collected onto 2 mm single-slot copper grids coated with formvar plastic support film. Sections were contrasted with uranyl acetate and lead citrate and examined using Tecnai Spirit TEM (FEI) operating at 80 kV of acceleration voltage and equipped with bottom mounted 4k × 4k Eagle CCD camera controlled by TIA acquisition software (FEI).
Relative quantification of WB and statistical analysis. The level of monomeric or fibrillar α-syn were estimated by measuring the WB band intensity using ImageJ software and normalized to the relative protein levels of actin. The experiments were independently repeated three times.
The statistical analyses were performed using ANOVA test followed by Tukey-Kramer post-hoc test. The data were regarded as statistically significant at Po0.05.
